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Immature sorghum grain was harvested at various 
stages of maturity and its development followed 
by transmission and scanning electron microscopy . 
This was done to study the developmental morphology 
of the sorghum grain. The period immediately 
following fertilization is a time of rapid develop-
ment in the sorghum caryopsis. The endosperm ex-
pands crush i ng the nucellus and in the nonbird-
res i stant sorghums the inner integument is also 
crushed during this expansion. The cells of the 
ovary wal 1 expand and elongate to form the peri carp . 
By the soft dough stage the endosperm has gained 
most of its storage material and thereafter there 
is a considerable loss of moisture . During the 
early stages of development the endosperm cell 
walls were extensively pitted which could allow for 
translocation . However, once the period of t rans-
location v1as over the cell walls became intact . 
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Final manuscript received July 17 1984. 
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KEY WORDS : Sorghum bicolor, grain developmental 
morphology, endosperm development, pericar p develop -
ment, cell wall . 
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Introduction 
Sorghum (Sorghum bicolor (L . ) Moench)is the 
major cereal grain consumed in the semi-arid 
tropics. In Africa, sorghum is germinated and 
used as malt in the brewing of a traditional 
beer . This brewing is now carried out on an in-
dustrial scale . To improve the final product 
it is important to understand the initial ingre-
die nts. Sorghum differs somewhat from barley 
so it is important to study the structural changes 
wh i ch occur during sorghum malting . Beca use of 
this and other uses of sorghum for food, an 
understanding of the whole grain structure is im-
portant. To further a i d in an understanding of 
this structure, this study of sorghum's develop-
mental morphology was undertaken . 
To describe the morphology of the sorghum 
kernel, a standard t erminology is now widely 
recognized and will be used here (Doggett, 1970; 
Morra 11 et a 1 . , 1981; Earp and Rooney, 1982) . 
The mainParts of the caryopsis are the embryo 
with its scute 11 urn which together make up the 
germ, the endosperm which is a storage tissue and 
the pericarp which encases the kernel . 
Most of the studies reported so far on sorg-
hum grain structure have been concerned with the 
grain as regards its uti 1 i zat ion ( Hoseney et a 1 . , 
1974; Sullins and Rooney, 1975). InsuffiClent 
information is available in the literature on the 
development of immature sorghum to be meaningful. 
Although 1 imited work has been reported 
(Subramanyam et al., 1980 a & b) this study was 
undertaken toShOW the origin and development of 
some of the more important structures as relates 
to changes in the kernel during malting. As the 
embryology of sorghum grain has already been 
covered (Artschwager and McGuire, 1949) the 
present study does not cover embryo development . 
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Materia 1 s and Methods 
A nonbird-resistant sorghum variety, NK 283, 
was grown by the Plant and Seed Control Division, 
Roodeplaat Experimental Farm, South African Depart-
ment of Agriculture. The different stages of matu-
rity agreed with those described by Vanderlip and 
Reeves (1972) and samples were collected at the 
intervals listed in Table 1. 
Table 1 . Stages of development and times of harvest 
of immature NK 283 sorghum grain (1982/83 
£.Q£) 
Developmental stages 
Pas t-fert i 1 i za t ion 
~lilk stage 
Soft dough 
Hard dough 
Physiological r ipe 
Time of harvest 
Days post-anthesis 
7 
14 
21 
28 
35 
63 
The panicles were collected when the kernels in the 
middle of the panicle had reached the correct stage 
of maturity. Kernels were taken from the middle of 
these panicles and fixed within an hour of harvest. 
Specimens were prepared for scanning electron 
microscopy by cutting or fracturing through the 
middle of the kernel and then fixing in 5% glutaral -
dehyde buffered to pH 7 . 4 at 4°C. The samples were 
then dehydrated through an ethanol series and 
critical-point dried from amyl acetate-CD 2 • Samples 
were mounted on metal stubs with double - sided Cello-
tape and sputter coated with gold-palladium. They 
were then examined with a JEOL JSM 135 Scanning 
Electron Microscope with an accelerating voltage of 
20 kV . Material for transmission electron micro-
scopy was prepared as previously described (Glennie 
et al ., 1983) . Approximate l y six to eight separate 
SimPles were examined for each developmental stage. 
Total polyphenols were determined using a modi-
fied Jeruman is method ( Oa i ber, 1975) . Starch was 
determined by enzymic hydrolysis and measured as 
glucose by the glucose oxidase method (Fleming and 
Peg 1 er, 1963) . 
Results and Discussion 
Post-anthesis in sorghum was found to be a 
period of rapid development. 
Developmental stages will be used when dis -
cussing the age of the caryopsis . The age in days 
is presented in Table 1 but age and developmental 
stage do not always coincide, depending on season 
and geograph i c location. 
Post - anthesis was the first stage where the 
endosperm could be observed expanding into the 
nucellus (Figure la). At this stage the immature 
sorghum endospe r m had a more rigid cellular struc-
ture than t he coencytic endosperm of the developing 
wheat caryops i s (Bechtel et al., 1982). The 
collapse of the sorghum nUCeTius was probably 
caused by sample preparation for scanning electron 
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m1croscopy. When similar samples were prepared 
for transmission electron microscopy by embedding, 
this collapse was not observed. It is probable 
that the nucellus cells had insufficient contents 
and insufficiently strong cell walls to withstand 
preparation for EM without embedding. In con trast 
to Figure 1a, grain at the hard dough stage ap-
peared reasonably mature (Figure lb) . The glumes 
no longer remained attached, the ovary wall had 
developed into a pericarp, the endosperm had com-
pletely crushed the nucellus and the germ was well 
deve 1 oped . 
The ovary wall of the immature kernel developed 
into the pericarp . This development took the form 
of cell enlargement rather than cell division 
(Sanders, 1955). Seven days after anthesis the 
ovary wall was composed of fairly regular almost 
rectangu l ar cells (Figure 2a) . The cell walls of 
these cells appeared to be regu 1 ar l y pitted . S l nee 
these cells develop into a pericarp by expansion 
it is possible that these pits could be areas of 
cell wall expansion . A corrmon feature of these 
cells was plastids containing small, presumably 
inmature, starch granules (Figure 2b) . In this 
respect , sorghum is s i milar to maize. 
As the endosperm expanded, the ce 11 s in the 
pericarp came under pressure which caused them to 
elongate. Fourteen days after anthesis, at the 
milk stage , the peri carp cells had both elongated 
and filled with starch (Figure 3) . Although the 
starch granules i n Figure 3 were much larger than 
those in Figure 2b those starch granules found in 
the pericarp were smaller than those found in the 
endosperm. The starch granules in the pericarp 
are probably fully developed at the milk stage as 
the cytop la sm of the pericarp cells starts to de-
generate about 14 days after anthesis. 
There appears to be some confusion in the 
1 i terature about what is the testa in sorghum 
grain . Definitions vary from the seed coat 
which adheres to the outer edges of the inner 
integument (Hoseney et al., 1981) to that layer 
whose presence is contrOlled by the B1 and B2 
genes (Rooney et a l., 1979). In the work de -
scribed here , reference will be made to the poly-
phenol containing layer which can confer bird-
resistance on the grain and is developed from 
the inner integument (Morrall et al., 1981) . 
The polyphenol containing layeriSusually absent 
in nonbird - resistant sorghums, the inner integu -
ment simply being crushed by the expanding endo -
sperm. The micrographs in Figure 4 show the 
sequent i a 1 co 11 apse of the inner integument in a 
nonbi rd - res is tant sorghum. 
The inner integument, which at the time of 
anthesis surrounded the nucellus, was two ce lls 
thick (Figure 4a) . The cells were full of cyto-
plasm and there appeared to be no lateral 
stretch ing of the cells. The inner integument 
was separated from the nucellus by a layer of 
cutin . Sanders (1955) referred to a cutin layer 
covering the inner integument but in this study 
as well as another (Morrall et al . , 1981) , a cu -
tin layer was found between Thelntegument and 
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Fig. 2. Sorg·hum per i carp at different s tages of 
development. 
a) Scanning electron micrography of ovary wall 
at anthesis . Bar = 100 ~ m. 
b) Transmission e lectron micrograph of plastid in 
mesocarp cell at post-fertilization. 
SG = starch granule; arrow = thylakoid. 
Bar = 0.5 ~m . 
£..!£....__!. Scanning e l ectron micrographs of sorghum 
grain at different stages of development. 
a) Deve l opi ng endosperm (arrow) in ovary at post-
ferti 1 ization . Bar = 100 ~m. 
b) Grain at hard dough stage . Bar = 1,000 J.Jm. 
E = endosperm; Em = embryo; FE = floury endosperm; 
HE = horny endosperm; N = nucellus; OW= ovary 
wall; P = pericarp ; S =scutellum. 
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Fig. 3. Transmission electron micrograph of the 
Jii'e'S'OCarp at milk stage . Starch granules (SG) 
are present. Bar = 2.0 ~m. 
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nucellus . At the milk stage it was located be-
tween the residual inner integument and the 
aleurone layer of the endosperm {Figure 4b). 
At the mi l k stage the endosperm had com-
pletely crushed the nucellus and was still ex-
panding thus causing the cells of the pericarp to 
elongate. The cell contents of the inner in-
tegument disappeared during this period and by 
the soft dough stage the endosperm had expanded 
sufficiently to stretch the inner integument into 
a narrow band (Figure 4c) . The inner integument 
was completely crushed at the hard dough stage 
(Figure 4d). The next distal l ayer of cells 
{tube cells) now appeared to contain sma l l 
amounts of electron dense material which could be 
polyphenol as well as some granules which re-
sembled starch granules . 
The polyphenol content of the grain at dif-
ferent stages of development is listed in Table 
2. Kernels a t the mi lk stage contained no de-
tee tab 1 e po 1 ypheno 1 but from this stage onward 
the polyphenol content increased until at the 
time of harvest it contained 1. 50 mg/100 kernels. 
Table 2. Starch and polyphenol content in sorghum 
grain at different stages of development 
reported on dry weight basis 
Developmental Starch Po lypheno l 
Stage g/100 (%) mg/1 00 (%) kerne l s kerne 1 s 
Mi 1 k stage 0 . 56 ( 33 . 07) 0. 00 (0 . 00) 
Soft dough 1 . 38 ( 48 . 19 1. 02 (0 . 02) 
Hard dough 1 . 42 (51 . 77) 1 . 06 (0. 03) 
Phys i o 1 og i ca 1 2 . 24 (59 . 42) 2 . 13 (0.05) 
n pe 
Time of 2 . 18 (70. 75) 1 . 50 (0.04) harvest 
Eve n at the milk stage, a bird-resistant cultivar 
was found to contain considerable amounts of poly-
phenol (Glennie et al., 1981). Although the 
polyphenol content or the nonbird-resistant cul-
tivar used in this study is low when compared to 
that of the bird - resistant sorghums. it could 
account for the electron dense areas in Figure 4d. 
The deve 1 opment of the endosperm is one of 
the most important areas of grain development. 
The kernel gains most of its dry matter during the 
early stages of development while the later stages 
are marked mainly by a large reduction in moisture 
(Figure 5). As shown in Figure 5 the kernels 
have an early period of very rapid dry weight 
gain. This gain can be accounted for mainly by 
the deposition of starch (Table 2) . 
The sub a 1 eurone ce 11 s of the endosperm con -
tain both starch granules and protein bodies . 
Even at the soft dough stage , starch and protein 
are beginning to be close-packed (Figure 6a). At 
the hard dough stage the starch granules are more 
closely packed and wil l soon become i ndented by 
the protein bodies (Figure 6b). At this stage 
the starch granu l es contain sufficient water to be 
susceptible to enzyme attack (note pits). This 
would probably mean that they are sufficiently 
plastic to be easily indented by the protein 
bodies . 
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At the hard dough stage, starch granules in 
the central or floury endosperm were s till round 
and relatively soft {Figure 7a) . At the physio-
logical ripe stage, the starch granules were 
packed closely together and were forced to take 
up polygonal shapes {Figure 7b). Subramanyam 
et al., {1980a) proposed that the round and rela -
Tively soft starch granules are forced into poly-
gonal shapes as water is lost from the kernel . 
The present study supports this as there is suf -
ficient loss of moisture during this period to 
~· Transmission electron micrographs of 
1 nner integument. The inner integument is the 
two cell thick area between the two arrows . 
a) Post-fertilization- cells (between ar r ows) 
are beginning to elongate but still retain their 
contents. Thick arrow - nucleus. Bar = 3 . 5 )Jm 
b) Milk stage- cells (between thick arrows) 
are elongating and contents are decreasing . 
Cutin layer {thin arrow) is visible between inner 
integument and the a 1 eurone 1 ayer of the endo-
sperm. Bar = 2.0 lJm. 
c ) Soft dough - only a residual inner integu-
ment (between arrows) remains between the aleu -
rone layer and the mesocarp . Bar = 1 . 0 lJm. 
d) Physiological ripe - residual inner integu -
ment (between arrows) crushed between endosperm 
and mesocarp with traces of polyphenol-like 
material (P). Bar= 1 .0 lJm. 
Al ~aleurone cell; C ~cutin layer; II~ 
inner integument; P = polyphenol ; SG = starch 
granule . 
~ 
~ 2,0 
0 
2 
.... 
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Moisture 
content 
QL--L--L--L--L--L--L--L~L_~ 
0 7 14 21 28 35 42 49 56 63 
TIME (days) 
~_li . Dry weight and moisture content du r ing 
grain development of sorghum grain . Day 0 
anthesis; day 7 post-fertilization; day 14 
milk stage; day 21 soft dough ; day 28 hard 
dough; day 35 physiological ripe; day 63 
time of harvest . 
u_g_._§. Scanning electron micrographs of horny 
endosperm sub a 1 eurone area. 
a) Soft dough. Bar ~ 10.0 urn . 
b) Hard dough. Bar = 2. 0 urn . 
PB = protein bodies; SG = starch granules. 
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cause the starch granules to pack closely (Figure 
5). Also, starch is still being deposited (Table 
2) to reinforce this close packing. 
Just as the irrvnature panicle contains grains 
of different degrees of maturity the endosperm of 
a single inrnature kernel contains cells of varying 
physiological ages . It appears that there is a 
gradient in maturity from the peripheral area 
near the aleurone layer to the central floury endo ~ 
sperm. The peripheral cells were found to be the 
more mature . This supports the observation made 
by Sanders (1955) that the outermost layer of the 
endosperm was the first area to mature. A similar 
pattern was r eported for i mmature Zea ~ L. 
kernels where a variab ility in the starch content 
of the different cells was reported (Shannon, 
1974). During germination, the reverse pattern 
was found . Endosperm modificat i on began in the 
central floury endosperm adjacent to the scutellum 
(Glennie et al., 1983) . 
The Ce~ walls of the endosperm enclose the 
storage products deposited there. Yet, during 
the developmental stages , cell walls must allow 
for the translocation of the precursors . During 
the milk stage the endosper m was in an active 
state of filling and the cell walls contained 
large numbers of pits (Figure 8a) . Although 
translocation can easily occur through cell walls, 
the large number of pits shown in Figure Sa would 
a l so allow for rapid translocation. Also , the 
pits could represent areas of cell wall synthesis 
as the cell walls ex panded with the expanding 
endosperm. 
By the hard dough stage the fi 11 ing of the 
endosperm was virtually complete and th e cell 
walls contained on ly a few random pits as shown 
in Figure Sb . The cell walls appeared intact at 
the physiological ripe stage with no visible pit-
ting (Figure Sc) . At this stage the ke rnel had 
reached its maximum sta r ch content (Table 2) and 
translocation had probab ly ceased. It appears that 
the more starch that was deposited in the endosperm, 
the fewer pits t hat appeared in the endosperm cell 
walls. 
During germinal ion it was found that the re-
verse pattern of cell wall pit ting occurred 
(Glennie, 1984) . The entire cell walls that were 
present in the mature grain were found to be ex -
tensively pitted after six days germination. 
Besides translocation through the cell walls, the 
pits would allow for translocation of storage 
materials out of the endosperm . Unfortunately, 
the micrographs from both of these studies were 
unable to demonstrate that the pits formed during 
germination were in the same location as the pits 
which were present during development. 
Cone 1 us ions 
In the immature sorghu m caryopsis a period 
of rapid development occur red irrmediately following 
fert i 1 i zat ion . The expanding endosperm crushed 
the inner integument of t he nonbird -resistant 
sorghum. At the same time, the ovary wall de -
veloped into a pericarp . The grain had acquired 
most of its storage products by the soft dough 
stage and from this stage onwards development was 
marked by a considerable loss in moisture. 
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Up to the hard dough stage t he endosperm ce 11 wa 11 s 
exhibited extensive pitting but when thi s per iod 
of trans l ocation ceased the pits disappeared and 
the cell walls became intact. 
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i..i9..:__1. Scanning electron micrographs of the cen-
tral floury endosperm . 
a) Hard dough - starch granules are very loosely 
packed and debris is probably cell contents in-
volved in starch deposition. Bar = 10.0 J.Jm . 
b) Physiological ripe - starch granules are 
more c l osely packed with very little debris . 
Bar= 2 . 0 J.Jm . CW =cell wall ; SG =starch granul e . 
f....:Lg_._~. Scan ning electron micrographs of endosperm 
cell walls. 
a) Milk stage with many pits (P). Bar= 1 .1 "m . 
b) Ha rd dough with few pits . Bar =- 1 . 1 J.Jm . 
c) Physiological ripe with no vis ible pits . 
There is much debri s as well as the protein matrix 
{PM) which su rrou nd s the starch granules in the 
horny endosperm. Bar = 1. 1 J.Jm . 
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Discussion with Reviewers 
L.l~. Rooney: What conditions existed in the field 
dur ing sorghum growth and development? Moulds 
can and do affect kernels during development . 
Cou ld they account for the "holes" in the cell 
wa 11 s? 
Authors : Sorghum is normally grm·m in Africa under 
semi-arid conditions with the grain being left 
in the field to dry naturally under the su n before 
harves~. Moulds are rarely a problem . The sorghurm 
f~r th1s experiment was grown in 1982/83 in the 
m1ddle of a severe drought. These conditions are 
h~rdly favourable for mould growth. Many sec -
tlons of grain were examined by both SEM and TEM 
and not a trace of fungi was found. 
L.W. Rooney : What physiological studies exist 
that support your contention that holes are pre-
sent in the c~ll wa~ls? On the basis of a single 
sample grown 1n a s1ngle season, it is very 
dangerous to draw the conclusions you have made. 
What other data support your conclusions? 
Authors : We prefer the term "pits" to "holes". 
Over the last few years we have been isolating 
the cell walls of sorghum grain as well as sorghum 
malt. The cell walls of sorghum become extensive-
ly pitted during malting but they do not break 
d~\'m comp letely as they do during barley maltinq. 
S~ nce pits ~re usually associated with translocit-
tlon {e.g : 1n t r acheids in the xylem) and they 
appeared 1 n the sorghum endosperm ce 11 wa 11 s at 
a time when _large amounts of reserve material w,1s 
being mobil12ed, we assumed that they could act 
as areas of translocation . 
l .W. Rooney: The objec t ive of your work was to 
study the sorghum kernel during its deve lopment 
Why were photos not presented for each of the • 
various sampling periods after anthesis? Why oJre' 
not photos prese~ted for zero days {at anthesis )? 
Authors: Photom1 crographs of the caryops; s at 
fert i 1 i zat ion as we 11 as other photomicrographs 
at some stages of development have a l ready been 
published (Sanders, 1955; Subramanyam et al. 
1980 a and b) . -- ' 
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L.W. Rooney: Sorghum kernels within a panicle 
vary in maturity from top to bottom by as many 
as 5-7 days . Did you account for this in your 
samp ling procedures? 
Authors : Samples were collected by experienced 
horticulturists and every effort was made to 
obtain material which fitted the correct stage . 
Only material from the mi ddle of the panicle was 
taken in an effort to avoid variation in maturity 
from top to bottom . The samples were fixed in 
5% glutaraldehyde within a n hour of collection . 
~: When you state differences in starch 
granu le size - what range do you see in pericarp 
and parts of endosperm? 
Authors : Although there is wide variation in 
starc h granule size within any area we find that 
those in the pericarp are approximately 2- 4 )..lm 
in diameter while those in the floury endosperm 
are approximately 10-15 1-1m {those in the horny 
endosperm appear to be slightly smaller) . For 
comparison , see Discussion with Reviewers in 
Earp and Rooney, 1982. 
E. Varriano - Marston: Do you think that the debris 
on the cell walls in Fig . 7a and Fig. 8 is poss i-
bly caused by the electron microscopic preparation 
method (fixation, critical point drying)? 
Authors : It is quite possible that this debris 
is precipitated by fixation and critical point 
drying. However, what is important is that when 
the different stages of development are treated 
in a similar fashion some stages of development 
produce more debris than others (e.g . Figs . Sa, 
b and c) . 
£. Varriano - Marston: Why weren't t he samples 
free ze-dried rather than so lution fixing and 
critica l point drying? 1f the grains were fairly 
low moisture content then solution fixing un-
doubtedly caused dislocation of some of the 
cellu lar components and large voids in some of 
the cells, e.g. Fig . 7a . 
Authors : It was found that criti cal point drying 
preserved more of the structural detail than did 
freeze drying. However, freeze drying was used 
to prepare grain samples for energy dispersive 
X-ray analysis. (Glennie~~ .• 1981). 
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